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Abstract 
Solar cell concepts with passivated, locally contacted rear side have gained much interest over the last years due to 
the development of advanced passivation techniques. However, there are still open questions regarding the 
understanding of the local Al-Si contact formation and its influence on the local back-surface-field formation for 
industrial screen-printed aluminum pastes. In this work we show that the geometry of the rear pattern (contact size 
and contact spacing) strongly influences the Al-Si interaction in the local contact openings: Si diffuses in Al through 
narrow dielectric barrier openings and spreads laterally to a determined limit determined by the firing temperature. 
We found that the contact spacing can affect the tendency for formation of Kirkendall voids below the Al-Si contacts 
instead of an eutectic layer. When decreasing the contact spacing and therefore the overlap of Al on each side of the 
local opening, the melt saturates faster and the formation of a deep (high-quality) local back-surface-field is 
increased. This may minimize the presence of voids. This physical observation helps on the design of the rear pattern 
for rear passivated solar cells and gives further understanding of the Al-Si interaction during the firing process. 
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1. Introduction 
Rear side passivated solar cells offer a high potential to increase the efficiency in industrial cell 
production [1]. However, the rear side pattern design of finger spacing and opening widths is still open 
for optimization and must be investigated to improve the cell performance. The reduction of series 
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resistance is strongly influenced by the contact area and finger spacing [2]. For the minimization of rear-
surface recombination, the formation of a high-quality local back-surface-field (LBSF) [3, 4] may be the 
most important process together with a rear-side passivation free of shunt [5]. When screen-printing Al 
lines on very narrow local openings, a large overlap of Al material is needed for a reduction of the contact 
resistivity and therefore minimization of series resistance [4]. It has been mentioned, that this overlapping 
extremely influences the formation of a homogeneous eutectic and LBSF.  
In this work the Al-Si local contact formation at the back side of a rear passivated solar cell is 
analyzed. As shown by Fig. 1(a) a locally opened dielectric insulation layer was used between silicon and 
aluminium to independently vary the size of the contact area (d1) and the contact spacing (Lp). During the 
alloying process Si diffuses in the Al matrix to a limit known as the silicon spread limit [6]. The spread of 
Si into the Al matrix is sharply delimited, as shown by the dark-gray regions of width d2 showed by Fig. 
1(b). The distance d2 represents the limits of the area in which Al and Si interact during contact firing. We 
present a study on the influence of the contact spacing on the quality of the Al-alloyed LBSF. The local 
contact formation between Al and Si is strongly influenced by the distribution of Si in the Al matrix. 
2. Experimental 
Two experiments have been performed in order to understand the influence of d1 and Lp on the local 
contact formation between Al and Si. The first experiment is a review of a former publication [6], where 
the local Al-Si interaction represented by the dark-gray regions d2, due to Si diffusion in Al, were 
explained and deeply analyzed for the first time. The size of d1 is varied to analyze its impact on the 
distribution of Si in the Al matrix after contact firing. The second experiment studies the variation of Lp 
and its impact on the LBSF formation. The following process steps generate samples for these both 
experiments: a dielectric layer is deposited on polished Czochralski Si wafers of (1.5±0.5) Ω-cm p-type 
resistivity.  
The alloying of Al and Si is prevented by the presence of the dielectric barrier everywhere except at the 
local contact opening (LCO) with the size d1. The LCO (lines) are achieved by an etching process, 
including the screen printing of a phosphoric etching paste, the drying of the paste on an infrared belt 
furnace and the removal of the dried paste in an ultrasonic bath with deionized water and 0.2 % potassium 
hydroxide. A 20-25 µm thick screen-printed Al layer was deposited on top of the LCO covering all the 
area. Different peak firing temperatures are used for contact sintering. On this basis, two groups of wafers 
have been examined: for the first group the width of LCO (width d1) is varied, keeping Lp constant; for the 
second one a variation of Lp is done keeping d1 constant.  
Fig. 1. (a) Solar cell with front and rear passivation. The LCO at the rear are separated by Lp and present a size of d1 µm. d2 
represents the total spread limit of Si in the Al matrix; (b) Real picture of the Al matrix after firing, showing the sharp d2 lines 
normally found after the local Al-Si interaction due to the ionization energy contrast (not to scale). 
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3. Results 
3.1. Variation of the Local Contact Opening 
In order to analyze the influence of the contact size, d1, on the diffusion and distribution of Si in the Al 
matrix, an experiment was performed on the variation of the LCO width from d1 = 100 to 500 µm, fully 
covering the openings with Al and firing the samples under three different peak firing temperatures (750, 
850, 950 °C). The spread of Si in the Al matrix, d2, was determinate by optical microscopy analysis. As 
shown by Fig. 1(b) the spread limit of Si for each group of LCO is sharply delimited and easy to measure. 
We measure the lateral spread (d2-d1)/2 of Si in the Al matrix from the edges of the LCO. Fig. 2 shows the 
result of the lateral spread of Si for three peak firing temperatures. The error bars represent the standard 
deviation of the measurement for different LCO widths, showing slight dependence of the spread of Si on 
the contact size, but strong dependence on the firing temperature. A linear dependency on the firing 
temperature is seen. In other words, the spread of Si in the Al matrix for a determined temperature is 
constant. A linear fit shows a slope of (1.5 ± 0.06) µm / °C [6]. For an industrial accessible Al paste 20-25 
µm thick, the spread limit of Si increases laterally (1.5 ± 0.06) µm further, by increasing the peak-firing 
temperature 1 °C, and this result is not depending on the contact area. 
3.2. Variation of the finger spacing 
Next, the influence of the contact spacing on the eutectic geometry and the thickness of the LBSF were 
analyzed. LCO spacings Lp were chosen from 0.1 to 2 mm, keeping the opening size constant at 80 µm. 
An analysis by scanning electron microscopy (SEM) was performed to measure the geometry of the 
formed eutectic, the depth of the LBSF and the presence of voids. The analysis is shown in Fig. 3 and 
summarized in table 1. The contact formation is strongly influenced by increased contact spacing. For a 
finger spacing Lp of 0.1 mm, near to a standard fully covered Al-BSF, a thin eutectic layer is found, 
mainly due to the limited vertical Si diffusion in the Al matrix, and the BSF is deeply formed [Fig. 3(a), 
3(d), 4(b)]. A homogeneous Si distribution in hypereutectic composition is found in the Al matrix as 
normally presented in fully covered Al-BSF [Fig. 3(d)]. For contact spacing larger than the spread of Si in 
Al, the dark-gray regions separate and the presence of voids increases. The void depth increases in the Si 
bulk. Above a finger spacing of 750 µm the presence of voids is strongly increased (no LBSF formed). 
 
 
 
 
 
 
 
  
 
 
 
 
 
Fig. 2. Lateral spread of Si in Al (d2-d1)/2 vs. firing peak temperature. 
334  E. Urrejola et al. / Energy Procedia 8 (2011) 331–336
Because Si diffuses much faster in Al than Al in Si, as explained by the Kirkendall effect [7], we 
normally found Kirkendall voids instead of an eutectic layer, as shown by Fig. 4(a). This effect occurs 
during the interaction of two materials with different diffusion rates within each other, which are in 
contact across an interface – such as solid Si and liquid Al during contact sintering. We suggest that the 
answer to these Kirkendall void formations, in locally contacted rear passivated solar cells, is found in the 
Si diffusion in Al, which is increased by larger finger spacing and high peak firing temperatures. 
Fig. 4(b) shows a SEM micrograph of the Al-Si alloyed junction for a LCO of approximately 80 µm. 
The three known layers found by energy dispersive spectroscopy/ energy dispersive x-ray (EDS/EDX) 
analysis are the porous Al-matrix with a composition of Al-17%Si and formed by Al-spherical particles, 
Si diffused atoms, and other lower concentrated defects; the eutectic layer ≈ Al-12.6%Si; and the LBSF < 
Si-1%Al. The Al-matrix has a thickness of about 25 µm. The eutectic is found to be 20 µm deep in the Si 
bulk and 80 µm wide. The thickness of the LBSF is up to 8 µm for standard firing conditions. The depth 
of the voids is approximately a factor of two larger than the depth of the eutectic layer. This led us to 
conclude, that a void appears instead of an eutectic due to the high overlapping of melted Al during the 
sintering process, by the increased contact spacing, not limiting the diffusion of Si in the Al matrix.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a)-(c): SEM micrographs of samples with different contact spacings Lp, 100 µm, Lp 250 µm, and Lp 700 µm respectively. 
(d)-(f): Real pictures of the Al matrix after firing showing the dark-gray regions d2 for the same contact spacing variation. 
Table 1. Analysis of the eutectic geometry, presence of Kirkendall voids and BSF depth. 
 
 
 
 
Lp [µm] Eutectic or void geometry depth/length [µm] BSF thickness [µm] Voids/eutectic [%] Figure # 
100 13.6 / 67.7 5.7 – 7 8 3(a), 4(b) 
250 23.15 / 70 4.5 – 4.7 25 3(b) 
500 23.3 / 69.3  2.8 - 3.5 50  
700 23.4 / 80.2 4.1 – 4.5 87 3(c), 4(a) 
1000 27.7 / 72.3 - 100  
2000 25.4 / 75.7 - 100  
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The thickness of the LBSF depends on the contact spacing and decreases while increasing its value. No 
LBSF was found in this experiment below the voids for increased contact spacing (enhanced Si diffusion). 
As shown by Fig. 5, an EDX analysis was performed along the Al matrix in order to determinate the 
composition and understand the distribution of Si within the Al matrix. A line scan width of 10 µm was 
used. From the center of the LCO the analysis is performed to the left and right, counting for 300 s at the 
SiKDline. For the analysis, an acceleration voltage of 10 kV, a specimen current of 780 pA, a scanning 
speed of 5.4 µs / pxl, and an electron beam focused to 660 nm in diameter were used.  
4. Discussion of results 
The Al-Si alloy takes place only in the LCO. A local contact between Al and Si is formed together 
with a local high p+-doped area [LBSF, Fig. 4(b)]. The alloy between the metal and the semiconductor is 
actually achieved at high temperatures and short times [8]. A diffusion of Si atoms in the Al matrix 
occurs, producing a recrystallization of a high p+ doped region grown epitaxially in Si, incorporating Al 
atoms into the Si lattice. The dependence of the lateral spread of Si in Al on the firing temperature can be 
understood from the Al-Si diffusion process [9], showing the higher diffusivity of Si in Al than the 
diffusivity of Al in Si. The diffusion of Si occurs within the Al matrix until the melt saturates. However, 
if the overlapping of Al on the LCO is too large, the spread of diffused Si atoms will be enhanced due to 
an unlimited melted Al, not yet saturated. By increased contact spacing, a large source of liquid Al 
overlaps the LCO [Fig. 3(c)]. In the case of large contact spacing, the spread of Si is enhanced along the 
Al matrix, due to the large unsaturated Al source, and no eutectic layer is formed. The growth of 
Kirkendall voids instead of eutectic layers is increased [Fig. 4(a)].  
 
 
 
 
 
 
Fig. 4. SEM analysis for same firing temperature. (a) Kirkendall void formed by Lp ≥ 700µm; (b) BSF up to 7 µm for Lp = 100µm. 
 
 
 
 
 
 
 
Fig. 5. EDX analysis of the Si content in the Al matrix. (a) For Lp = 100 µm, as shown by Fig. 4(b), eutectic formed;  
(b) for Lp ≥ 700 µm, as shown by Fig. 4(a), void formed. 
336  E. Urrejola et al. / Energy Procedia 8 (2011) 331–336
We believe that the enhanced Si diffusion in the Al matrix could be reduced by introducing Si in the 
Al paste before the sintering. As shown by Fig. 3 the Si diffusion in Al is limited not only by the firing 
temperature, but also by the contact spacing. The diffusion of Si in Al may be determinate by the amount 
of Al mass overlapping each side of the dielectric openings [4]. The presence of Si on each side of the 
LCO in the Al matrix is demonstrated by the EDS/EDX analysis of Fig. 5. The Si composition decreases 
exponential with the length as shown by the Fick’s law of diffusion [9, 10]. For small contact spacing the 
opened Si surfaces are near to each other, saturating faster the overlap of Al mass on each side of the 
LCO. This is demonstrated by the two maxima in the Si concentration as shown by Fig. 5(a), more than 
100µm away from the LCO. For a large contact spacing the growth of Kirkendall void is increased. For 
this sample the Si concentration shows also two maxima on each side of the opening. Due to the presence 
of the void during the firing, the contact area is located at the edges of the LCO. The two maxima for the 
Si concentration on each side of the LCO can be understood by the diffusion of Si in the Al matrix, which 
occurs only from the edges of the contact area in both lateral directions. By reaching the cooling point the 
diffused Si is trapped in the matrix, leaving a high concentration of atoms away from the contact area.  
5. Conclusions 
In conclusion, we have shown that the geometry of the rear pattern for rear passivated, locally 
contacted solar cells influences not only series resistance losses, but also the process of local contact 
formation between Al and Si. The formation of a high quality back-surface-field is extremely dependent 
on the Si diffusion in Al and on the overlap of Al on each side of the dielectric opening. The early 
saturation of the Al-Si melt for small contact spacings may allow the formation of a deep p+ doped layer. 
A unlimited diffusion of Si in Al may explain the Kirkendall voids formation instead of eutectic layers. 
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